In a screen for unexplained mutation events we identified a previously unrecognized mechanism generating clustered DNA polymorphisms such as microindels and cumulative SNPs. The mechanism, short-patch double illegitimate recombination (SPDIR), facilitates short single-stranded DNA molecules to invade and replace genomic DNA through two joint illegitimate recombination events. SPDIR is controlled by key components of the cellular genome maintenance machinery in the gram-negative bacterium Acinetobacter baylyi. The source DNA is primarily intragenomic but can also be acquired through horizontal gene transfer. The DNA replacements are nonreciprocal and locus independent. Bioinformatic approaches reveal occurrence of SPDIR events in the gram-positive human pathogen Streptococcus pneumoniae and in the human genome.
illegitimate recombination | mutation | microindels S hort patches of clustered nucleotide variations are routinely observed in whole genome comparisons (1, 2). These sequence variations are substrates for natural selection, which shapes prokaryotic (3, 4) and eukaryotic (5, 6) genomes. Clustered nucleotide variations also play a role in oncogenesis where they add to the overall genomic instability (7, 8) . Despite their significant biological role, the molecular mechanisms underlying formation of clustered nucleotide variations are not fully understood.
Known mechanisms responsible for clustered nucleotide variations include error-prone DNA polymerases (9) and conversions at imperfect palindromes through template-switching (10) (templated mutagenesis), which can generate tracts of single nucleotide changes, respectively. Down-regulation or loss of genes involved in mismatch repair can also lead to increased genome-wide point mutation frequencies that can result in random single-nucleotide variation (SNV) clusters. Moreover, cumulative SNVs have been described when genes for DNA-modifying enzymes were upregulated (11). All these mechanisms typically result in tracts of single-nucleotide polymorphisms (SNPs).
More complex clustered genomic polymorphisms may also develop through point mutations accumulating in a small DNA tract over a short time or through independent insertion and deletion events (12) . A number of RecA-independent mechanisms have been described and investigated in detail that lead to microdeletions without insertions, or to microinsertions without deletions, in both prokaryotic and eukaryotic organisms. Among these mechanisms are replication slippage (13) or copy number variations in microsatellite DNA (14) , illegitimate recombination at microhomologies (15, 16) , imprecise nonhomologous end joining (NHEJ) (17), DNA gyrase-mediated strand switching (18), and transposon scars. Two or more temporally independent deletion/insertion events at the same locus can result in clustered polymorphisms, although in retrospective studies, such sequential events are nearly impossible to verify.
The most diverse clusters of nucleotide variations are formed by microhomology-mediated end-joining (MMEJ). MMEJ has been observed in eukaryotes only and can repair DNA doublestrand (ds) breaks in an error-prone way. During repair, MMEJ often generates short, direct, or inverted repeats (19) and occasionally incorporates ectopic DNA at the recombinant joints (20) . MMEJ results in highly variable clustered polymorphisms at the recombinant joint and is now recognized as a driving force in rapidly evolving oncogenic cells (21). DNA polymerase theta (POLQ) has recently been identified as the key enzyme in MMEJ-directed error-prone repair, but many mechanistic details of its function remain elusive (22) . To date, no POLQ-like genes have been identified in prokaryotes.
Due to the immense evolutionary and biomedical implications of how and why genetic diversity is generated in prokaryotic and eukaryotic organisms, the underlying mechanisms are intensively investigated. To study and quantify the formation of clustered polymorphisms, we developed a detection assay in the bacterium Significance Clustered genomic polymorphisms in DNA, such as microindels and stretches of nucleotide changes, play an important role in genome evolution. Here, we report a mutation mechanism responsible for such genomic polymorphisms where short, single-stranded DNA molecules invade double-stranded DNA and replace short genomic segments. We show, in a bacterial model organism, that the genomic replacements occur with very low levels of sequence identity (microhomologies). The invading DNA can be of intagenomic or foreign origin. Genotoxic stress, horizontally taken-up DNA, or lack of genome maintenance functions increase the mutation frequency up to 7,000-fold. Bioinformatic approaches suggest that this class of mutations is widespread in prokaryotes and eukaryotes and may have a role in tumorigenesis.
Acinetobacter baylyi. We demonstrate how regions of clustered, highly variable DNA sequence variations (ranging from 3 to 77 bp) can be formed by two coupled, microhomology-dependent illegitimate recombination (IR) events with free DNA single strands of intragenomic or external origin.
Results

Joined Double Illegitimate Recombinations Generate Clustered
Polymorphisms. To quantify and characterize clustered small indels and polymorphisms, we developed an in vivo detection construct (hisC::′ND5i′) (23) in the soil bacterium Acinetobacter baylyi ADP1. The construct is permissive for small IR events but largely refractory to single-nucleotide mutations. In this construct, two neighboring stop codons in a functionless 228-bp insert prevent expression of a histidine prototrophy marker gene (histidinol-phosphate aminotransferase; Fig. 1A ). We found that spontaneous histidine-prototrophic (His + ) mutants arose at low frequencies. Subsequent DNA sequencing analyses of individual His + isolates revealed that the ′ND5i′ segment was frequently substituted with different heterologous segments of intragenomic origins. The substituting DNA segments were of similar or shorter length, eliminating or bypassing the stop codons ( Fig. 1 B-E and Dataset S1), and their neighboring upstream and downstream nucleotide stretches were identical with DNA segments in otherwise fully heterologous DNA regions elsewhere in the genome (Fig. S1 ). Sequence analyses of these donor DNA fragments and the parental DNA sequences strongly suggested that integration occurred through hybridization at microhomologies (short identical DNA stretches) or at extended microhomologies (clusters of microhomologies interrupted by mismatches and gaps in heterologous DNA; Fig. 1 B-E and Supporting Information) followed by illegitimate recombinations. The recombinations occurred either at a single, contiguous microhomology (class 1 events; Fig. 1 B and C) or at two separate microhomologies on the same molecule (class 2 events; Fig.  1 D and E) . The recombinations were nonreciprocal (Supporting Information) and independent of genomic locus and detection construct (Supporting Information). Together, these short-patch double illegitimate recombination (SPDIR) events led to highly variable polymorphisms at a single genetic locus and introduced multiple clustered nucleotide exchanges, DNA sequence replacements of variable length, or deletions accompanied by nucleotide changes at the deletion site (Dataset S1), resulting in highly diverse codon changes (Fig. S2) . In all characterized SPDIR events, the source DNA of the acquired nucleotide polymorphisms was identified both for intragenomic and extragenomic (see below) origins (Dataset S1). Net nucleotide gains (maximum six base pairs) were observed in only a few cases. Although the SPDIR mechanism depends on microhomologies, the randomness of the genetic changes observed suggests a broad mutagenic potential.
Low Frequency of SPDIR Mutations in Wild-Type Cells. We quantified occurrence of SPDIR experimentally in wild-type (WT) A. baylyi cells and found that His + revertants were scarce (1.1 × 10 −11 ; about 14-fold rarer than single point mutations; Table 1 ). The fraction of SPDIR mutation events among the His + reversions was ∼5%, corresponding to a calculated SPDIR frequency of 5.6 × 10 −13 (Table 1 ). This number is likely an underestimation due to limitations in the detection construct because SPDIR-generated substitutions that introduce stop codons or frameshifts or lead to improper protein folding remain undetected.
The non-SPDIR His + mutations were in most cases (>90% in WT) conferred by in frame deletions in ′ND5i′ [i.e., single illegitimate recombination (IR) events], both with and without microhomologies, and occasionally by different classes of mutations (Supporting Information). The fact that SPDIR occurred in the WT close to the detection limit in our specific experimental setup can explain lack of prior experimental discovery.
Single-Strand-Specific DNA Exonucleases Control SPDIR in Wild-Type Cells. Microhomology-mediated IR events have been observed in prokaryotes and eukaryotes (15, 16) and are initiated by annealing of DNA single-strand ends. We hypothesized that SPDIR was initiated by hybridization of genomic dsDNA at exposed single-stranded (ss) gaps, loops, or replication forks, with ssDNA segments. In prokaryotes, free cytoplasmic DNA single strands are attacked by ss-specific DNA exonucleases (24) (ssExo), and in A. baylyi, these ssExo have been revealed as RecJ and ExoX (23) . We therefore quantified SPDIR in ssExo-deficient mutants and found that the SPDIR frequency was elevated approximately sevenfold in ΔrecJ and fourfold in ΔexoX mutants (Table 1) . The frequency was increased 28-fold in a ΔrecJ ΔexoX double mutant, which lacked all ssExo activity. In the ΔrecJ ΔexoX strain, SPDIR events produced about 34% of all His + mutation events, whereas in WT and in the single mutants the proportion of SPDIR events was at least sixfold lower than in the ΔrecJ ΔexoX mutant (Table 1) . These results confirmed that SPDIR is suppressed by ssExo in WT cells and indicate that SPDIR events depend on the presence of ssDNA in the cytoplasm.
SPDIR Is Inhibited by RecA Protein. Cytoplasmic ssDNA is a cellular genome damage signal and can be bound by RecA protein to initiate recombinational repair and to trigger the SOS response (25). We deleted the recA gene of A. baylyi, and in the ΔrecA mutant we observed an about sixfold SPDIR frequency increase. Remarkably, in a ΔrecA ΔrecJ ΔexoX triple mutant, the SPDIR frequency was >7,700-fold higher than that of the WT, and SPDIR was the most common His + mutation (80%; Table 1 ). The strong synergy effect suggests that SPDIR is controlled by factors beyond elimination of free cytoplasmic DNA. It is conceivable that binding of RecA protein to ssDNA efficiently prevents hybridization of ssDNA molecules, and molecules that escape RecA-binding frequently anneal at microhomologies. In WT cells, these microhomology-annealed molecules are attacked (B and C) Class 1 SPDIR events formed by two illegitimate joints at a single, contiguous extended microhomology. (D and E) Class 2 SPDIR events with illegitimate joints at separate (simple or extended) microhomologies, leading to complex replacements or deletions. The donor DNA originated from intragenomic loci [(B) Recurrent SPDIR mutation A26 (Dataset S1), putative ACIAD1938 gene; (C) SPDIR O106, putative ACIAD1581 gene; and (D) SPDIR R159, putative ACIAD2154 gene] except E. In E, the donor DNA was derived from Bacillus subtilis DNA (ipk gene) and acquired by A. baylyi through natural transformation. The complete set of experimentally found SPDIR sequences is listed in Dataset S1.
by ssExo and prevented from genomic integration, as observed in Escherichia coli (24) and A. baylyi (23). Alternatively, faithful recombinational DNA damage repair mediated by RecA together with ssExo prevents production of ssDNA remnants (26) (e.g., displaced strand fragments or flaps) that could act as donor molecules for SPDIR. These explanations are not mutually exclusive.
Exposure to Genotoxic Stress Increases SPDIR Frequencies. IR frequencies are increased with accumulating genomic DNA damages, and the increase has been attributed to microhomologymediated DNA end-joining events leading to deletions and other genomic rearrangements (27). We determined whether introduction of DNA strand breaks affected SPDIR frequency in A. baylyi. For this purpose, we treated growing cultures with subinhibitory concentrations of ciprofloxacin (a fluoroquinolone antibiotic interfering with DNA gyrase activity) (28), or with variable doses of UV (UV) light. Both agents result in replication blocks and lead to genome fragmentation (29, 30) . We found that the His + frequencies were increased up to at least 600-fold with increasing doses of ciprofloxacin or UV until viability was affected, and SPDIR events were detected at low proportions (2-5%) except after UV irradiation with 10.8 mJ (Table 1) .
When we repeated the UV experiments with the ΔrecJ ΔexoX mutant, SPDIR events accounted for ∼25% of His + events with both UV doses tested (Table 1 ). This ratio was lower than in untreated cells (34%), indicating that SPDIR is increased by two to three orders of magnitude with increasing DNA damage levels, which is in agreement with previous reports on IR (27) . However, the increase of SPDIR events is lower than that of IRmediated mutations such as deletions.
Natural Transformation Increases Frequency and Variability of SPDIR
Events. To explore the effect of exogenous DNA on SPDIR formation, we exploited the constitutive competence for natural transformation of WT A. baylyi cells (23). DNA molecules are taken up by the cells into the cytoplasm as single strands (31). We found that exposure to foreign DNA isolated from Bacillus subtilis resulted in a fourfold to fivefold elevated SPDIR frequency (Table 1) . We repeated the experiments with the ΔrecJ ΔexoX mutant, using B. subtilis DNA, isogenic A. baylyi His − DNA, and DNA isolated from salmon sperm as donor DNA substrates. In the ΔrecJ ΔexoX strain, addition of the DNA substrates led to SPDIR frequencies about 15-to 40-fold higher than without added DNA (Table 1) . Notably, when exposed to foreign DNA, about two thirds of the SPDIR mutations were formed with cognate DNA, and approximately one third were formed with taken-up DNA. This result is consistent with findings of previous reports showing that recombination attempts during natural transformation frequently result in DNA strand breaks and thus can damage genomic DNA (32). The DNA damages then lead to increased SPDIR frequencies, as observed in the experiments with ciprofloxacin and UV light. The RecA-independent recombination at the MH was strand orientation-specific (Supporting Information). In a transformationdeficient ΔcomA ΔrecJ ΔexoX triple mutant [lacking the ComA DNA uptake pore (23)], the SPDIR frequency was not different from that of the ΔrecJ ΔexoX mutant (Table 1) .
These results confirm that SPDIR is primarily an intragenomic process and also demonstrate that natural transformation can be mutagenic through the SPDIR pathway. Consequently, clustered polymorphisms in the genome of some bacterial species can be the result of foreign DNA acquisition. However, in retrospective genome analyses it may often not be possible to identify the origin of donor DNA molecules due to the short length of the SPDIR-generated polymorphisms.
The Two IR Events of SPDIR Are Temporally Linked. Three lines of evidence strongly suggest that SPDIR mutations form within a single generation before selection. First, we frequently found intragenomic donor DNA segments in SPDIR isolates with reverse complement orientation relative to the hisC::′ND5i′ allele (Table S1 ). In these cases, temporally independent IR events would result in lariat chromosome intermediates that cannot be replicated by the cell. Second, SPDIR events with foreign DNA (that is taken up by the cell as ssDNA fragments) require genomic integration through two IR events in a single generation to prevent potentially lethal dsDNA breaks. Third, many His + colonies from the same primary cultures frequently carried unique, identical SPDIR mutations, both with intragenomic or exogenous donor DNA molecules. Such jackpot events strongly suggest that SPDIR mutations preexisted in the bulk culture (see Supporting Information and Table S1 for details). In our frequency calculations, identical mutations from the same assay were treated as single mutation events.
A Model for SPDIR Caused by Cytoplasmic ssDNA Molecules. We show that SPDIR events depend on the presence of ssDNA and are suppressed by key components of the genome maintenance machinery. A genomic integration model is depicted in Fig. 2 . In that model, microhomologies are used by the cell to join unrelated DNA molecule ends, as has been demonstrated and quantified in previous studies for single (15) or multiple (24, 33) IR events. The model further builds on a proposed mechanism for strand orientation-specific, RecA-independent integration of short DNA molecules (23), in which we showed that fully homologous oligodeoxynucleotides (≥20 bp) could be chromosomally integrated in a single event during replication, acting as primers for Okazaki fragments (23, 24) (Supporting Information).
In the present study, we demonstrate that microhomologies are sufficient for chromosomal integration at low but detectable frequencies during lagging strand DNA synthesis (Fig. 2, Fig. S3 , and Supporting Information).
Bioinformatic Analyses Reveal Putative SPDIR Events in Streptococcus pneumoniae. We hypothesized that SPDIR is a general genetic mechanism forming microindels and clustered polymorphisms with intragenomic DNA. To test this hypothesis, we searched for variations consistent with SPDIR in the gram-positive human pathogen Streptococcus pneumoniae and in human genomic DNA samples using bioinformatic approaches. We performed initial DNA sequence analyses on 203 pairwise genome alignments from the well-characterized S. pneumoniae PMEN1 lineage (34) collected over 30 y. We called clustered polymorphisms as a set of ≥3 cumulative single-nucleotide polymorphisms (SNPs) with no more than eight base pairs (bp) between each SNP (Supporting Information). We subsequently identified genomic DNA segments that could have served as potential donor molecules for SPDIR events.
For each microhomology, we calculated the minimal free energy of hybridization (35) (ΔG 0 min ) as a proxy for the annealing stability properties of a microhomology. Conservatively, we only considered DNA segments that displayed a lower ΔG 0 min than the weakest microhomology found in the experimental studies with A. baylyi (Supporting Information and Dataset S1). Using these criteria, we obtained a set of eight putative SPDIR events that are in accordance with the thermodynamical requirements identified experimentally (Dataset S2).
Although identification of false-positive donor molecules cannot be excluded using this retrospective approach, the likelihood of random occurrence of identical DNA segments of typically 13 or more bp occurring in intragenomic DNA is low (Supporting Information). False-positives due to accumulated point mutations or alternative microindel-generating processes cannot be completely ruled out. On the basis of estimates of yearly point mutation rates in the PMEN1 lineage (35) (1.57 × 10
) of ∼3.3 single-nucleotide changes per genome per year, the probability of multiple adjacent SNPs mimicking SPDIR events while the remainder of the genome remains unchanged is extremely low.
Bioinformatic Analyses Reveal Putative SPDIR Events in Human
Genomes. For humans, we isolated DNA from blood samples and colon cancer tissues from three individuals (36) and sequenced the DNA on an Illumina HiSeq 2000. We called clustered polymorphisms with donor molecules for SPDIR largely as described above (see Supporting Information for details). Altogether, we identified 94 putative SPDIR events (Table S2 and Dataset S3). Detailed analyses showed that more than half of these events were short clustered nucleotide variations present in various human sequence databases including alternative genome assemblies, suggesting that SPDIR contributes to the generation of human heterozygous alleles and that SPDIR is a mutation mechanism operative in humans.
The remaining insertion-deletion sequences were not found in available databases and were considered novel (Table S2) . Seven novel putative SPDIR events were uniquely identified in DNA from blood, whereas a total of 33 putative novel events were identified in DNA from colon cancer tissue only (Table 2) . Remarkably, 16 novel SPDIR events from cancer tissue formed at predicted hairpins and led to microinversions (Fig. 3 ) that in two cases were imprecise (Fig. 3B ). These microinversions predictively formed through donor ssDNA molecules that originated from the same locus but reannealed with the DNA single strand as reverse complement. Donor DNA molecules from loci very close to the SPDIR site were also observed in the experimental studies (A. baylyi SPDIR isolates A4 and K49; Dataset S1), but the hisC::′ND5i′ detection construct did not contain stem-loop secondary structures. Close proximity between donor locus and recombinant microindel locus may increase the likelihood for a SPDIR event.
Three novel SPDIR events, including a single microinversion, were identified both from cancer tissue and from blood (Table 2) , suggesting somatic mutations early in embryogenesis, spread of genetic material within the body, or previously unknown heterozygous alleles. The observed predominance of SPDIR in colon cancer tissue possibly reflects the reduced activity of genome maintenance functions generally observed in cancer cells (37, 38) . This observation is consistent with the increased SPDIR frequencies of genome maintenance mutants in our experimental bacterial system (Table 1) . Model for SPDIR mechanism illustrated with a DNA replication fork (black indicates parental DNA strands; blue arrows indicate newly synthesized DNA strands). The proposed mechanism expands on a synthesis of several microhomology-dependent IR models (15, 23, 24, 33) . In step 1, an ssDNA molecule (red) anneals at one or more microhomologous regions with exposed ssDNA segments at the discontinuously synthesized arm. In step 2, the potential 3′-extension is processed, and the hybridized molecule is extended by a DNA polymerase. In step 3, the potential 5′-overhang is removed, and the processed end is covalently joined with the newly synthesized 3′-end of the next Okazaki fragment.
Discussion
In this study we identified a previously unrecognized mechanism, SPDIR, which generates clustered DNA polymorphisms. We show that SPDIR facilitates the formation of SNP clusters, microindels, and mosaic genes (experimentally observed substitutional insertion of up to 26 codons; Dataset S1). SPDIR occurs by ssDNA segments of intragenomic or extragenomic origins that invade and replace genomic DNA through two IR events.
Our genetic studies in A. baylyi with specific deletion mutants, together with the genotoxic stress and transformation experiments, clearly show that cytoplasmic ssDNA segments are responsible for SPDIR (Fig. 2) . In wild-type cells, cytoplasmic ssDNA is a genomic damage signal, and the formation of ssDNA is tightly controlled (25). SPDIR can be classified both as a recombination and as a replication-associated mutation mechanism for clustered polymorphisms, with rare ssDNA segments acting as mutagens. Although oligonucleotides are known to recombine intracellularly or in the course of horizontal gene transfer (23, 24) , and synthetic oligonucleotides are now widely used in targeted mutagenesis approaches, these events are based on DNA homology. SPDIR depends exclusively on microhomologies in otherwise heterologous DNA that can be as short as 12 bp and interrupted by mismatches and gaps.
SPDIR occurs rarely in A. baylyi wild-type cells. However, DNA damages increase the SPDIR frequency by orders of magnitude. Consequently, the cells turn into transient phenotypic mutators for microindels under genotoxic stress. The transient mutator phenotype does not require mutations in DNA repair genes, as frequently observed in mismatch repair-deficient mutators of prokaryotes and eukaryotes (39). It is conceivable that increased SPDIR frequencies can provide cells with a competitive advantage in fluctuating environments, as reported for genotypic mutators (40, 41) . SPDIR can generate near-random genetic variations and alter entire protein domains in a single generation. It is thus tempting to speculate that SPDIR may be an important mechanism in protein evolution (42) following gene amplification and duplication events (43) (Supporting Information).
Our in silico identification of potential SPDIR events in both the gram-positive pathogen S. pneumoniae and in the human genome strongly suggests that SPDIR is a general mutation mechanism with relevance beyond our model organism A. baylyi. The identified microindel variants, together with the presence of intragenomic donor molecules, are consistent with the experimentally obtained SPDIR events and thus biologically plausible. Typical SPDIR-generated sequence changes are inaccessible by known point mutation or recombination processes, such as replication slippage, microhomology-dependent IR, NHEJ, DNA gyrase-mediated strand switching, or transpositions. However, sequence variations caused by SPDIR are comparable with those produced by MMEJ, a highly mutagenic DNA repair mechanism in eukaryotes (20). MMEJ is tightly down-regulated in healthy cells but often operative in tumor tissue. DNA double-strand breaks are repaired by MMEJ in an error-prone way, frequently leading to incorporation of ectopic DNA segments at the joints (20).
In our human tumor samples, we determined that 16 uniquely identified clustered polymorphisms were microinversions at predicted hairpins ( Fig. 3 and Dataset S3). Microinversions at hairpins have been reported (44-46), but the mechanistic details of their formation remain elusive (45) and are considered unrelated to templated mutagenesis at imperfect hairpins (46). The formation of microinversions is also not consistent with our current understanding of the MMEJ or of other mutation mechanisms, and microinversions at hairpins have not been reported in MMEJ surveys (19, 20) . However, microinversions can be explained most parsimoniously by SPDIR where the inverted repeats of the hairpins act as microhomologies and are used for the illegitimate joints (Fig. 3A) , consistent with the model shown in Fig. 2 . Our results indicate that SPDIR-caused mutations occur in colon cancer at elevated frequencies but not in the whole blood control. In many cancers, including those with up-regulated MMEJ, genome maintenance functions such as Rad51 (eukaryotic RecA homolog) and ssExo are down-regulated (47, 48). It is conceivable that SPDIR occurs at elevated frequencies in such tumor cells, as experimentally observed in the A. baylyi ΔrecA ΔrecJ ΔexoX triple mutant (Table 1) . The role of SPDIR in cancer progression requires further exploration.
Materials and Methods
The A. baylyi mutant strains were constructed as described (23, 32, 49) with standard procedures (Supporting Information) and are listed in Table S3 . The mutation experiments were conducted in liquid cultures that were inoculated with a single colony of a His − strain and aerated for 15 h at 30°C in LB broth. The cells were washed, plated on M9 minimal medium with 10 mM succinate (M9S; His + mutant titer) and in appropriate dilution on LB (total cell titer), and incubated at 30°. When applicable, ciprofloxacin or DNA was added before inoculation. When UV was used as DNA-damaging agent, the cells were grown for 11 h, washed in PBS, irradiated with a germicidal lamp, and then grown in LB for another 4 h. On the M9S selective plates, His − cells grow less than one generation. His + colonies on M9S were picked after 40 h (recA + strains) or 64 h (ΔrecA strains) and restreaked on M9S, and the recombinant hisC segment was amplified by PCR and Sanger-sequenced (Supporting Information). To identify ectopic inserts, the sequencing results were aligned with the A. baylyi genome and, when donor DNA for natural transformation was used, with donor DNA sequences, using BLAST (50). The bioinformatic approaches are described in detail in Supporting Information. The R scripts are available from the authors upon request.
Two ethical boards reviewed the protocol for investigation of the human samples included in this study: the Regional Committee on Health Research Ethics (Case H-2-2012-FSP2) and the National Committee on Health The potential SPDIR numbers for each human individual are listed in Table S2 . Fig. 1 B-E. All potential SPDIR events found in the human genomes are listed in Dataset S3. (A) The class 2 microinversion Z441, located in the protooncogene SASH1 of colon cancer tissue from individual 1. (B) Example of a microinversion that was fully annealed at the left IR but misannealed at the right IR (using an alternative microhomology for the right illegitimate joint), resulting in a net gain of six bp (Z2579; individual 3, colon cancer, intergenic region).
Research Ethics (Case 1304226). Both review boards approved the human research and waivered the requirement for informed consent, in accordance with national legislation (Sundhedsloven) (36). Table S3 . The hisC::′ND5i′, ΔrecJ, ΔexoX, ΔcomA::(nptII sacB), and ΔrecA::tetA alleles have been described elsewhere (23, 32, 49) . The plasmid DNA constructs used for the strain manipulations are listed in Table S4 . In short, strain AL4 was constructed by transformation of JV28 with trpE + DNA and transformation of the resulting strain with linearized plasmid pKHhisC20 DNA. The resulting trpE + hisC::(nptII sacB) mutant was subsequently transformed by linearized pKHhisC25, giving strain AL4 containing hisC::′ND5i′. From AL4, the recJ gene was deleted by transformation with linear pEK2 and subsequent transformation of the resulting strain by linear pEK3, giving strain AL6. AL4 ΔexoX strains were constructed by two different approaches: First, the exoX allele in AL4 was deleted using the linearized plasmids pSI2 and pSI3 in subsequent steps (giving strain AL8). Second, the recJ + allele was crossed back into the ΔrecJ ΔexoX strain KOM218 (Table S3 ) with linearized pEK2 and subsequently with a PCR product covering the recJ + ORF (giving strain KOM267). The recJ + PCR product was amplified using primers recJ-up-f and recJ-down-r (Table S5) with Phusion DNA polymerase (New England Biolabs) and WT A. baylyi DNA as template. No differences in the His + frequencies between AL8 and KOM267 were observed, and the data were pooled. The KOM218 strain was rendered nontransformable by deleting the comA gene through transformation with linearized pKHNH2 DNA (Table S4 ). The ΔrecA strains were constructed by transformation of the AL4 and KOM218 strains by purified DNA from strain JV33 that contained the ΔrecA::tetA allele (Table S3) , giving strains KOM259 and KOM254, respectively. Cotransformation by unwanted DNA was ruled out with PCR and by phenotypic characterization.
The hisA::NC2 allele was constructed as described for the hisC::′ND5i′ allele (23). Briefly, a 207 bp segment (named NC2) was genomically inserted between the start codon and the second codon of the hisA [N-(5′-phospho-L-ribosyl-formimino)-5-amino-1-(5′-phosphoribosyl)-4-imidazolecarboxamide isomerase] gene (ACIAD3398) of A. baylyi. The functionless NC2 insert consisted of 67 sense codons and two adjacent stop codons approximately in the center of the NC2 insert. The NC2 sequence was similar to the nucleotides 13280-13472 of woolly mammoth M20 mitochondrion (GenBank EU153450) DNA (nucleotides 1-193 of NC2), with the modification that the nucleotides 90 and 91 were changed from TA to GT, and the synthetic nucleotides CTGG-TTCTGGCTCT (positions 194-207 of NC2). The A. baylyi ΔrecJ ΔexoX hisC + strain carrying the hisA::NC2 allele was auxotrophic for histidine and was named KOM307. The hisC and hisA genes and the ′ND5i′ or NC2 inserts were present in the genome in single copies, and no DNA homologous to these segments was identified in the A. baylyi genome.
A. baylyi ΔrecJ ΔexoX mutants carrying either the hisC::NC2 or the hisA::′ND5i′ allele did not yield His + colonies at detectable frequencies. Moreover, these mutants did not grow on minimal medium when the stop codons of the respective inserts were replaced with sense codons, suggesting that hisC::NC2 and hisA::′ND5i′ fusion constructs are nonfunctional.
Mutation Experiments. Mutation assays were conducted as follows: Cultures were inoculated with a single, freshly grown auxotrophic A. baylyi colony in 20 mL liquid LB medium (in some experiments, 10 mL) and aerated at 30°C for 15 h, with modifications for UV treatment described below. When applicable, ciprofloxacin [10-fold or fourfold below the minimal inhibitory concentration (MIC)] or DNA (300 ng·mL −1 ) were added before inoculation. Cells were harvested, washed twice, and resuspended in 0.1 volume PBS (52) and plated in appropriate dilution on LB (cell titer) and M9 medium (52) containing 10 mM succinate (M9S; His + titer; maximum 2.5 × 10 9 cells distributed per plate). The plates were incubated at 30°C for 16 (LB) and 40 (M9S) h (recA + strains) or for 40 (LB) and 64 (M9S) h (ΔrecA strains). Colonies were counted, and His + colonies were restreaked on M9S and incubated at 30°C for 24 h.
The UV experiments were modified as follows: After 11 h, the cells were centrifuged for 10 min at 5,000 × g and 4°C and washed and resuspended in PBS (4°C) to a titer of (2-5) × 10 7 mL −1
(determined using a Neubauer hemocytometer), and 20 mL aliquots were transferred into a sterile Petri dish and irradiated with UV light (254 nm) with doses of 3.6 or 10.8 mJ using a germicidal lamp. The aliquots were repooled, centrifuged, and resuspended in prewarmed (30°C) LB and grown for another 4 h in the dark before harvest. Omitting UV irradiation resulted in His + frequencies indistinguishable from the unmodified experiments.
Approaches to identify mutator phenotypes were performed as described (23) with the following modifications: Briefly, cultures were inoculated in 7 mL LB and aerated at 30°C for 15 h. The cultures were washed and resuspended in 7 mL PBS, and cells were plated on LB medium containing 100 mg·mL −1 ampicillin (1 mL; mutant titer) and in appropriate dilution on LB medium (cell titer). The plates were incubated at 30°C for 16 (LB) and 72 h (LB with ampicillin), and the mutation frequency was calculated as ampicillin-resistant mutants per colony-forming unit.
Frequency Calculations. His + frequencies were determined as His + titer divided by cell titer. Because the frequency distributions resembled Luria-Delbrück kinetics, we calculated the median His + frequency. For the studies without genotoxic treatment or DNA addition, two independent experiments were combined and treated as one experiment before calculating the median. In some experiments, identical mutations (both SPDIR and non-SPDIR events such as deletions) were identified in more than one His + isolate. Isolates with identical mutations from the same experiment were regarded as siblings and treated as a single mutation event. The SPDIR frequency was then calculated as number of SPDIR events per all events, multiplied with the median His + frequency.
MIC Determinations. The MIC of ciprofloxacin for A. baylyi ADP1 was determined with Etest reagent strips (BioMérieux) using the manufacturer's instructions except for using solid LB medium.
PCR and DNA Sanger Sequencing. PCR reactions were performed using Taq (Finnzymes) or Phusion (New England Biolabs) DNA polymerase according to the manufacturers' recommendations. PCR products obtained were purified and sequenced with Sanger sequencing using the BigDye 3.1 cycle sequencing chemistry according to the manufacturer (Applied Biosystems) as follows: From randomly picked His + isolates, the recombinant hisC segment was PCR-amplified using the primers hisC-ins-r and either hisCup-f or hisC-ins-f (Table S5) , and the PCR product was sequenced with hisC-up-f (in some cases: hisC-ins-f or hisC-ins-r) as sequencing primers. In experiments with the hisA::NC2 allele, the DNA sequences were characterized accordingly using the primers hisA-up-f and hisA-ins-r for PCR-amplification of the recombinant hisA segment and using hisA-up-f as sequencing primer. The sequences were aligned pairwise with the A. baylyi ADP1 hisC::′ND5i′ or hisA::NC2 sequence with BLAST (50) (megablast) and with the A. baylyi ADP1 genome (GenBank: NC_005966) (blastn with default settings or with parameters changed as follows: word size, 7; match/mismatch scores, 4 and −5) to determine the His + mutation. In isolates obtained after amendment with B. subtilis DNA, the sequencing results were also aligned with the B. subtilis 168 genome sequence (NC_000964) using blastn as described above. Other chromosomal A. baylyi loci were PCRamplified using primers A26-f and A26-r (part of ACIAD1938), A19-f and A19-r (parts of pcaD and pcaK), O140-f and O140-r (segment between ACIAD1855 and ACIAD1856), or recJ-ORF-f and recJ-ORF-r (recJ) and sequenced with A26-f, A19-r, O140-f, or recJ-ORF-f as sequencing primers (Table S5) , and the sequencing results were aligned as described above.
Preparation of Heteroduplex DNA. The K52-tag heteroduplex DNA substrate (Fig. S3 ) was generated by annealing the two nearcomplementary primers K52-f-tag and K52-r-tag as published (23).
Library Building and Illumina HiSeq 2000 DNA Sequencing. Genomic DNA was extracted from biopsies according to instructions in QIAamp DNA Mini kit (Qiagen). Individually indexed DNA libraries were prepared from 0.5 to 1 μg of genomic DNA according to the Illumina Truseq DNA protocol (PE-940-2001) or an in-house protocol using the NEBnext E6070 (New England Biolabs) reagents (53). Pools of Illumina libraries were created using unique sequencing indices. Sequencing (100 bp paired-end) was performed on HiSeq 2000 instruments at BGI Europe. Bioinformatic Identification of SPDIR Events in S. pneumoniae. From 204 S. pneumoniae PMEN1 isolates (34), a maximum likelihood whole-genome phylogeny was reconstructed based on the core SNPs identified and aligned using Parsnp (54). A custom R script (www.r-project.org) was designed to identify potential SPDIR events in assembled genomes as follows: The DNA sequences of neighboring isolates in the tree were screened for microindels (clusters of greater than or equal to three nucleotide exchanges or gaps with no more than eight nucleotides between them) that were embedded in ≥50 bp of identical DNA sequences upstream and downstream with BLAST (50), yielding a total of 203 pairwise comparisons. Microindels were screened for potential intragenomic donor molecules that contained a microindel sequence, plus at least four identical nucleotides upstream and downstream. Pairwise BLAST alignments with pneumococcal genomes from the National Center for Biotechnology Information (NCBI) database were used to identify the ancestral and derived (microindel-containing) sequences. The custom R codes are available from the authors on request. From these results, events that could be explained by replication fork slippage or homology-driven recombination (microhomologies exceeding 35 bp; DNA sequence similarity neighboring the microindel 70% or higher) were excluded. The remaining results were evaluated for their thermodynamic properties, and all triple alignments that contained shorter or less stable microhomology than the shortest or thermodynamically weakest SPDIR events found in the experiments with A. baylyi (Dataset S1) were removed. In detail, the ΔG 0 min values for all microhomologies were calculated, and results that contained microhomologies above −4.46 kcal·mol −1 for SPDIR events at a single contiguous extended microhomology (class 1 events) or above −2.89 kcal·mol −1 for SPDIR events at two discrete microhomologies (class 2; cumulative: above −15.09 kcal·mol −1 for both microhomologies), as well as triple alignments with microhomologies (including mismatches and gaps) that were shorter than 12 bp (class 1) or 5 bp (class 2), were excluded.
Bioinformatic Identification of SPDIR Events in Human Samples.
Paired-end Illumina sequencing reads (100 nt) were mapped to the human genome (GRCh37/hg19; genome.ucsc.edu) using bwa (55), and read pairs where one pair could be mapped, whereas the other could not be mapped, were collected. The nonmapping reads were split in two terminal 30 nt sequences (flanking sequences) and a central 40 nt sequence, which were all separately mapped to hg19 again. In cases where two corresponding flanking sequences mapped in close proximity on the same strand (and in proximity to the sequence they were originally paired to, in opposite orientation), the genomic sequence covering the regions to which the flanking sequences mapped, as well as the region between these, was retrieved and aligned to the complete read sequence from which the flanking sequences were derived. The results were small clustered polymorphism patterns with fully homologous upstream and downstream sequences. From these alignment pairs, reads that contained single nucleotide variants more than 8 bp away from the polymorphism pattern, or mononucleotide repeats of at least 10 bp, were considered sequencing artifacts, and the reads were excluded. For identification of ancestral and derived (polymorphismcontaining) sequences, the results were pairwise aligned with BLAST against the chimpanzee, bonobo, gorilla, and orangutan genomes. Triple alignments were built with the GRCh37 genome as reference according to the S. pneumoniae set and processed correspondingly. Heterozygous alleles were identified with BLAST using the Human G+T and nr/nt NCBI databases. Gene ontology terms and names were retrieved from the Uniprot website (www.uniprot.org/).
SI Results
The Templating DNA Segments for SPDIR Mutations Remain Unchanged.
The donor DNA segments of SPDIR mutants were located in both dispensable and essential genes (56) as well as in intergenic regions throughout the genome (Dataset S1). We investigated the sequence of the templating DNA source in 10 independent SPDIRgenerated His + A26 isolates (donor DNA patch located in the dispensable ACIAD1938 gene), 3 independent A19 isolates (pcaD; dispensable), 2 independent O140 isolates (intergenic region between nonessential ACIAD1855 and ACIAD1856 genes), and 1 U96 isolate (recJ, dispensable; Dataset S1) by DNA sequencing and found that in all cases the His + isolates carried unmodified sequences at these loci. Although these results do not rule out a reciprocal exchange followed by a secondary event (restoration of the patch locus, or horizontal acquisition of the newly formed hisC + allele by a sister cell), the results altogether confirm that SPDIR is a nonreciprocal recombination event. Consequently, SPDIR with cognate DNA segments lead to direct or inverted repeats of ≥12 bp that can increase genome instability.
SPDIR Occurs Preferentially at the Lagging Strand of DNA Replication.
If SPDIR was initiated by annealing of complementary single strands at MH, it can be hypothesized that the majority of initial hybridizations occurred at the lagging strand of replication because chromosomal DNA is exposed as ssDNA mainly during DNA replication, and the lagging strand remains as ssDNA in longer segments and for longer times, as demonstrated previously (23, 24) . At the hisC::′ND5i′ allele, the replication fork always approaches from one direction (from the left in Fig. S3C ). We tested this hypothesis with sequence-tagged heteroduplex DNA K52-tag DNA (Fig. S3B ) that was added when inoculating cultures of the ΔrecJ ΔexoX strain (300 ng·mL −1 ). The K52-tag substrate carried a DNA sequence derived from the intragenomic donor DNA for the recurrent K52 SPDIR events identified in three independent experiments (Dataset S1) and was a 60-bp dsDNA substrate that carried the MH (24 bp) in the center. Compared with the genomic K52 DNA sequence, the K52-tag substrate was modified to carry two nucleotide changes to form a T/C mismatch that was used to determine by DNA sequencing which strand was integrated (Fig. S3) . From 20 separate 20 mL assays, we recovered altogether eight individual SPDIR isolates that were formed with the K52-tag substrate. DNA sequencing revealed that all K52-tag-derived isolates were formed with the strand corresponding to the lagging strand of replication (bottom strand in Fig. S3B ). This result confirms that SPDIR mutations are formed by annealing of single strands in the course of DNA replication (23, 24), presumably acting as primers for DNA extension (Fig. 2) .
Donor DNA Molecules for SPDIR Are Distribution-Biased in Absence of Stress. In the experiments with the wild-type and exonucleasedeficient recA + strains, a distribution bias of the genomic donor DNA loci for the SPDIR events was observed: About 75% of the independent patch DNA source loci were located in a sector around the presumed terminus of replication (ter) site (Fig. S1A) . It is assumed that ter is located at the GC skew (G − C/G + C) inversal site roughly opposite of the origin of replication (57). The distribution bias was less prominent after genotoxic stress, after addition of purified DNA, or in the absence of RecA protein (Fig. S1 B-D) , i.e., when DNA strand breaks occurred or when free ssDNA was available. A. baylyi has no gene homologous to tus responsible for site-specific halting of replication forks in E. coli, and the mechanism of replication termination in A. baylyi is unknown. We speculate that termination of replication in A. baylyi is a DNA damage-inducing process and depends on DNA repair functions when two replication forks collide as reported for E. coli tus mutants (58) and that ssDNA molecules created in the course of such DNA repair events are the causing agents of SPDIR mutations in wild type.
SPDIR Is Locus and Context Independent. To confirm that SPDIR occurred outside of the hisC locus and at sequences different from the recombinant ′ND5i′ capture segment, we constructed a new capture allele at a different genomic locus (hisA::NC2). The heterologous NC2 insert consisted of 67 sense codons and two stop joined codons approximately in the center of the insert, similar to the ′ND5i′ insert (Fig. 1A ), but carried a fully heterologous DNA sequence compared with ′ND5i′. In the A. baylyi chromosome, the hisA gene is more than 1,000 kbp away from hisC. We replaced the hisA + gene with the hisA::NC2 allele in an A. baylyi hisC + ΔrecJ ΔexoX strain and confirmed that the resulting strain was auxotrophic for histidine due to the hisA mutation.
We determined the median His + revertant frequency for the hisA::NC2 ΔrecJ ΔexoX mutant as described for the hisC::′ND5i′ strains as 1.7 × 10 −11
, which was about threefold lower than that of the corresponding hisC::′ND5i′ ΔrecJ ΔexoX mutant (Table 1) . DNA sequencing revealed that about 25% of the hisA + mutations were SPDIR events, corresponding to a calculated SPDIR frequency of 4.2 × 10 −12
. The SPDIR sequences and genomic and thermodynamic characterizations are given in Dataset S1. These results confirm that SPDIR mutations occur independently of the genomic locus and with any detection construct.
SPDIR Mutations Form in a Single Generation Before Selection. It can be speculated that SPDIR events form through two temporally unlinked illegitimate recombination events. However, DNA is taken up by the cells in the course of natural transformation in the form of single-stranded, linear fragments, and these can be genomically integrated only by two IR events in a single generation [during replication (23) ]. In addition, the intragenomic donor DNA segments for the SPDIR DNA replacements were located on the A. baylyi chromosome in the same orientation as the hisC::′ND5i′ allele or as reverse complement (Dataset S1). In the latter case, a single IR event at a MH would result in a lariat chromosome intermediate that cannot be replicated by the cell. Moreover, some donor DNA segments were located within genes essential for viability (56), and IR joints would disrupt these genes. For WT and mutant A. baylyi hisC::′ND5i′ strains, DNA sequencing revealed that the different SPDIR-generated His + colonies from the same primary cultures were frequently caused by identical SPDIR events. We identified up to 24 identical SPDIR sequences from the same culture with a reverse complement-oriented donor DNA, and up to 10 identical SPDIR events from the same culture with a donor DNA from a gene essential for growth. Such events strongly support that His + mutations, including SPDIR events, grow for several generations in the culture before selection. Comparisons of the mean His + frequencies with their variance indicate that at high mutation frequencies, as observed for some mutants (ΔrecJ ΔexoX and ΔrecA ΔrecJ ΔexoX; Table S1 ) or under genotoxic stress, the mutations were distributed according to the Luria-Delbrück rather than Poisson kinetics (59). High variances were observed when many His + mutations (jackpot events) occurred in the growth culture before selection. On the contrary, in wild-type cells and under conditions where the His + frequencies were exceptionally low, the mutation frequency distribution resembled Poisson kinetics, although the variance was always greater than the mean (Table S1 ). This distribution can be attributed to the high number of experiments without colonies and the comparably low number of experiments which reduces the chance to encounter jackpot mutations (Table  S1 ). Taken together, these results strongly suggest that the double illegitimate recombinations of SPDIR mutations typically occur in a single generation during culture growth in the absence of positive selection.
SPDIR Is Mechanistically Different from Double Illegitimate
Recombination. After UV irradiation, among all His + revertants a unique double-IR insertion isolate was found (bottom entry in Dataset S1). This recombinant was clearly different from SPDIR isolates but resembled an A. baylyi natural transformant discovered previously that occurred by so-termed double illegitimate recombination (33) (DIR). Unlike in SPDIR isolates, here the two illegitimate joints did not occur at any microhomology but at 1-bp overlaps, and the insertion was a duplication of a nearby DNA segment (generating an interrupted direct repeat) and led to a net gain of 92 base pairs without loss. In contrast, SPDIR events usually led to substitutions or net deletions (total 3-to 168-bp loss), and only four SPDIR isolates were found that had obtained small net DNA insertions (1 to 6 bp; Dataset S1). The microhomology-independent DIR mechanism remains unknown. It is not known whether the lack of SPDIR events with large insertions is due to limitations of the detection constructs (tertiary or quarternary protein structure) or for other reasons.
Generation of His
+ Phenotypes Through Different Mechanisms. When not formed by SPDIR or DIR, His + revertants typically occurred by deletions (i.e., single IR) in frame. These deletions occurred both at microhomologies and at sites with less than or equal to 2 or no nucleotide overlap, and the total amounts of DNA deleted ranged from 6 to 225 bp. In addition, one isolate with a single point mutation was identified (single insertion of a G residue, resulting in a novel start codon).
In repeatedly found cases, the His + phenotype occurred by compensatory mutations elsewhere in the genome. We isolated genomic DNA from four of these isolates and used these DNA substrates to separately naturally transform the hisC::′ND5i′ strain toward His + at high frequencies (about 10 −4 to 10
transformants per recipient with 100 ng·mL −1 genomic DNA). In these isolates, the hisC::′ND5i′ allele was unchanged, and after substitution of the allele by hisC::(nptII sacB) through natural transformation these isolates remained prototrophic for histidine. In contrast, in SPDIR and deletion mutants the hisC::(nptII sacB) substitution resulted in His − . Moreover, these His + hisC::′ND5i′ isolates frequently lost their His + phenotype after repeated restreaking on LB medium (but remained His + when repeatedly restreaked on M9S). In contrast, SPDIR isolates remained His + after 10 or more restreakings without selection. The molecular bases for these suppressor phenotypes remain unclear.
SPDIR Events Can Mimic Point Mutation or Deletion Events. Notably, in two cases, SPDIR isolates resembled double point mutants that had the two stop codons turned into sense codons (recombinants B18 and A60; Dataset S1). Although we cannot completely rule out the possibility of two individual nucleotide change events in one cell, several aspects strongly suggest SPDIR events in both cases: (i) The His + isolates displayed no mutator phenotype (Table S6) , and the expected calculated double point mutation frequency [(1.5 × 10 −10 × 3) 2 ≈ 2 × 10 −19 ] is below detection limit (total number of cells plated in this study: ∼10 13 ) and thus highly unlikely to occur; (ii) all nucleotide changes observed were transversions, whereas as replication errors, transitions occur more frequently than transversions; (iii) recombinant A60 (but no further putative point mutation combinations) was found repeatedly in independent experiments, whereas recombinant R18 was encountered only after addition of B. subtilis DNA; and (iv) in both recombinants, a microhomologous segment of 13 bp (R18: from B. subtilis) or 12 bp (A60: from A. baylyi) with sufficiently negative ΔG 0 min values was identified that could explain the nucleotide substitutions through two illegitimate crossovers. Similarly, several SPDIR mutants mimicking microhomologyindependent deletion mutants were encountered (recombinants E11, S80, A100, R151, S75, A103, and K6; Dataset S1). For these isolates, matching donor DNA patches were identified that contained ≥14 identical consecutive bp, which is longer than expected in random DNA sequences (except for A103: 12 bp), and provided two sufficiently large microhomologies for IR (approximated by ΔG 0 min ) at both ends that were not different from other SPDIR events.
Evolutionary Effects of SPDIR Mutations. The experimentally observed SPDIR frequency in A. baylyi wild-type cells was 5.6 × 10 −13 (Table 1) per marker, which is rare compared with other common mutation mechanisms such as SNVs, deletions, or transpositions. In our experimental system (hisC::′ND5i′), the selective marker was two adjacent stop codons, and the elimination of these codons through SPDIR was achieved by a set of highly diverse donor DNA molecules. The minimal number of changes experimentally observed in SPDIR isolates was two nucleotide substitutions, converting the two stop codons into sense codons, but often encompassed additional and more complex changes. The donor molecules were intragenomic but could also be received in the course of horizontal gene transfer, which broadens the potential for variability considerably. In this study we experimentally show that natural transformation increased the SPDIR frequency and led to genomic integration of taken-up foreign DNA molecules by SPDIR.
Compared with the SNV point mutation frequency in A. baylyi of about 1.5 × 10 −10 [a specific A to G transition (23); Table 1 ], the SPDIR frequency is about 280 times lower. This consideration suggests that SPDIR-generated microindel mutations are much rarer than point mutations, which is consistent with the literature on mutation research. Nonetheless, reports repeatedly point out the role of microindels in evolution of both prokaryotes (2-4) and eukaryotes (1, 5, 6 ) and in tumorigenesis (7, 8) .
Over time, mutations accumulate in lineages and lead to diversification. The selective effects, however, of different mutation types can be quite different. Although synonymous SNP changes that do not alter the sequence of the encoded protein are expected to have little if any selective effect, nonsynonymous changes that alter the protein sequence, at worst generating a premature stop codon, are expected to have large and predominantly negative effects on fitness. In contrast, SPDIR mutations are much more likely than SNPs to disrupt genes because they can substitute several adjacent codons and frequently result in frameshifts. The selective consequences of SPDIRs are hence expected to be graver than SNPs.
Beneficial SPDIR mutations are likely very rare but conceivable when two or more neighboring changes in a gene are necessary for a fitness increase. In the case of epistatic interactions in which single SNP intermediates reduce fitness relative to the ancestor, the probability that the first mutation becomes frequent enough to allow subsequent mutations is low. Two or more simultaneous SNP mutations are highly unlikely to occur (see above). SPDIR events provide a mechanism which, although rare, permits such leaps and may facilitate the exploration of fitness space.
Retrospective Identification of SPDIR Events in Prokaryotic Isolates.
Our results revealed that SPDIR events are primarily formed by nonreciprocal intragenomic recombination. In turn, SPDIRfacilitated microindels are in principle identifiable through the presence of the donor DNA patch segment, unless that segment has been lost or mutationally altered, in a bioinformatic approach. Pairwise comparisons using BLAST (50) revealed no SPDIRgenerated clustered polymorphisms by pairwise comparisons of the two A. baylyi genomes available from GenBank, ADP1 (NC_005966), and DSM14961 (NZ_KB849623).
To investigate whether SPDIR events occurred in other prokaryotic species, we compared 204 closely related isolates of the gram-positive S. pneumoniae PMEN1 cluster (34) (main text). Clustered polymorphisms were called in 203 pairwise BLAST comparisons, and subsequently, in eight cases, potential donor DNA patch sequences, containing the polymorphism pattern and thermodynamically suitable microhomologous sequences for the two illegitimate crossovers, were identified, suggesting eight different SPDIR events (Dataset S2). The minimal length of the patch DNA segment identical at the putative SPDIR locus and in the donor segment was 13 bp, which was similar to the shortest length found in the A. baylyi experiments (12 bp). The calculated probability of two identical 13-mers is 4 −13 × 2 ≈ 3.0 × 10 −8
, and the chance to occur in a PMEN1 genome (about 2.1 × 10 6 bp) and yield a false-positive is low. On the other hand, the obtained number of SPDIR events may be an underestimation due to genetic alteration or loss of donor DNA segments after the SPDIR event. In two out of the eight identified putative SPDIR cases, the same event was found multiple times (Dataset S2), implying horizontal spread of a positively selected mutation event.
Retrospective Identification of SPDIR Events in Human Blood and Tumor Tissue Samples. We hypothesized that SPDIR was also a mechanism in eukaryotes and isolated and sequenced human DNA from colon cancer tissue samples, and peripheral blood control samples, of three different individuals, respectively (36) (main text). The number of Illumina paired-end sequence reads were comparable for all samples. The numbers (in million reads) were 78.5 (cancer) and 72.7 (blood) for individual 1, 96.5 (cancer) and 102.7 (blood) for individual 2, and 84.9 (cancer) and 100.7 (blood) for individual 3. Similar to the pneumococcal approach, potential SPDIR events were identified bioinformatically through aligning the short Illumina reads with a human reference genome (GRCh37/hg19). The results are listed in Table 2 and Table S2 , and the sequence details and thermodynamic properties are given in detail in Dataset S3. The findings suggest that SPDIRgenerated microindels occur among heterozygous variants in human populations as well as rare and possibly unique somatic mutations. The frequency of SPDIR-formed heterozygous alleles is similar in both tumor tissue and control blood sequences for all three individuals. The low number of such alleles found for each individual in both tumor and blood samples can be attributed to the short sequences of the paired-end reads, to the limitations of the identification method (Materials and Methods), and to the comparably low genome coverage and implies a considerable underestimation of the SPDIR count. On the other hand, false-positive identifications of donor DNA molecules can skew the results.
For example, a random short identical segment of 16 bp is expected to occur about once in about 2.2 gigabase pairs (gbp), whereas the human haploid genome size is about 3.2 gbp. In our results, the majority of substituted segments including microhomologies for illegitimate crossovers at both sides is 19 bp or larger (Dataset S3). The donor DNA for K1518 (Dataset S1) originates from one of the seven 16S rRNA genes (positions indicated by a dagger). Designed with pDRAW32 (www. acaclone.com). SPDIR isolates. The stop codons in the hisC::′ND5i′ detection allele are depicted as purple asterisks, and codon changes are indicated in red. The wt HisC codons flanking the ′ND5i′ insert are underlined in the top line. All corresponding DNA sequences are given in Dataset S1. (A) Class 1 SPDIR events formed at a single, contiguous microhomology typically contain two to four variable codon changes without change in protein length. In isolate O106 (Fig. 1C) , the replacement introduced a frameshift (FS). (B) Illegitimate joints occurring at separate simple or extended microhomologies (class 2 SPDIR events) resulted in highly variable changes often associated with deletions. Events with total net amino acid gains are marked with (+). Sequence of the K52-tag heteroduplex dsDNA substrate used as donor DNA for natural transformation experiments, with the T/G mismatch indicated by the letter spacing and blue color. The mismatch was used as sequence tag to determine which strand was integrated in transformant SPDIR isolates and to distinguish transformation events from potential intragenomic SPDIR events. The mismatch position is a silent wobble position of an alanine codon. (C) Sequence detail of the hisC::′ND5i′ capture construct with details of microhomologies and illegitimate joints for comparison. The color codings are the same as in Fig. 1 B-E. Table S1 . Distribution of His Table S2 . Number of potential SPDIR events in human colon cancer tissue and peripheral blood control samples from three individuals
